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Cephalochordates (amphioxus), the closest living invertebrate relatives of the vertebrates, are key to understanding the evolution of
developmental mechanisms during the invertebrate-to-vertebrate transition. However, a major impediment to amphioxus as a model organism
for developmental biology has been the inability to introduce transgenes or other macromolecules into the embryos. Here, we report the
development of a reproducible method for microinjection of amphioxus eggs. Specifically, we show that expression of a LacZ reporter
construct including 6.3 kb of AmphiFoxD upstream regulatory DNA recapitulates expression of the endogenous gene in the nerve cord,
somites, and notochord. We have also identified the 1.6 kb at the 5Vend of this region as essential for expression in the first two of these
domains and the 4.7 kb at the 3Vend as sufficient for expression in the notochord. This study, which is the first report of a method for
introduction of large molecules such as DNA into amphioxus embryos, opens the way for studies of gene regulation and function in
amphioxus and for comparative studies with vertebrates to understand the relationship between the extensive gene duplications that occurred
within the vertebrate lineage and the evolution of vertebrate innovations such as neural crest.
D 2004 Elsevier Inc. All rights reserved.
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The cephalochordate amphioxus is the closest living
invertebrate relative of the vertebrates (Wada and Satoh,
1994). Since amphioxus split from the vertebrate lineage
about 500 million years ago, the amphioxus genome has
undergone relatively few gene duplications. This is in
marked contrast to the large-scale gene duplications that
occurred in the vertebrate lineage (Abi-Rached et al., 2002;
Castro et al., 2004; Holland, 2000). The relative lack of gene
duplication during amphioxus evolution correlates with a
body plan that has evolved few features in addition to the
basic chordate notochord, dorsal hollow nerve cord,
perforate pharynx, and paraxial muscular somites. In
contrast, gene duplications during vertebrate evolution are0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: lzholland@ucsd.edu (L.Z. Holland).widely thought to have provided the raw material for genes
with novel functions (Zerucha and Ekker, 2000) permitting
vertebrates to add new structural features such as the
skeletal system, paired sense organs, and migratory neural
crest (Gans and Northcutt, 1983; Holland and Holland,
2001; Northcutt, 1996; Northcutt and Gans, 1983). Thus,
amphioxus is the best available stand-in for the proximate
invertebrate ancestor of the vertebrates and can be thought
of as representing the fundamental genetic and anatomical
platforms on which much more complex (or even novel)
features have been built during vertebrate evolution.
One of the chief mechanisms for body plan evolution is
thought to be alteration of developmental gene expression
due to changes in cis-regulatory DNA and gene regulatory
networks (Carroll et al., 2001; Davidson, 2001). Such
changes are facilitated by gene duplications, allowing one
copy to retain the original function and others to evolve new
tissue-specific enhancers (Force et al., 1999; Zerucha and274 (2004) 452–461
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definitive neural crest, although the cells at the edge of the
neural plate express several homologs of vertebrate neural
crest markers like Distal-less, Snail, Pax3/7, Msx, and Zic
(Gostling and Shimeld, 2003; Holland et al., 1996b, 1999;
Langeland et al., 1998; Sharman et al., 1999). However,
other amphioxus homologs of vertebrate neural crest
markers (e.g., Twist, Ap-2, FoxD3, and Id) are not expressed
at the edges of the neural plate during neurulation in
amphioxus (Meulemans et al., 2003; Meulemans and
Bronner-Fraser, 2002; Yasui et al., 1998; Yu et al., 2002).
This suggests that the evolution of a new expression domain
for one or more of these genes at the edges of the neural
plate may have been critical for the delamination and
differentiation of neural crest.
To investigate the cis-regulatory changes that may be
responsible for the evolution of neural crest, we are focusing
on FoxD. Amphioxus has a single FoxD gene, (Amphi-
FoxD) that is homologous to the five subclasses of
vertebrate FoxD duplicates (FoxD1, FoxD2, FoxD3,
FoxD4, and FoxD5). The major expression domains of
AmphiFoxD are in the somites, notochord, hindgut, and the
cerebral vesicle (diencephalon) (Yu et al., 2002). Each of the
vertebrate FoxD genes is expressed in one or more of these
domains, suggesting that the ancestral expression domains
have been partitioned among the duplicates—an example of
subfunctionalization (Force et al., 1999). However, verte-
brate FoxD3 has also evolved a new expression domain in
premigratory neural crest and, when overexpressed, can
induce cells in the neural tube to adopt properties character-
istic of migrating neural crest cells (Dottori et al., 2001; Kos
et al., 2001; Labosky and Kaestner, 1998; Odenthal and
Nu¨sslein-Volhard, 1998; Sasai et al., 2001). This suggests
that after duplication of an ancestral FoxD gene similar to
AmphiFoxD, neofunctionalization of vertebrate FoxD3
occurred as it evolved new cis-regulatory elements directing
expression to premigratory neural crest.
As a first step in identifying how regulation of FoxD
genes has changed after gene duplication, we have begun
identifying the tissue specific enhancers of AmphiFoxD.
The standard technique for identification of tissue-specific
enhancers is to determine expression of constructs contain-
ing putative enhancers cloned upstream of a reporter cDNA
such as lacZ or green fluorescent protein. To date, however,
it has not been possible to introduce such reporter constructs
into amphioxus embryos. There have been two major
obstacles. First, the supply of gametes is limited. The
Florida amphioxus is ripe only from late June to early
September and, during this period, spawns unpredictably at
roughly weekly intervals (Holland and Yu, 2004). Second,
the eggs are small (about 140 Am in diameter), and the
extracellular egg coats make it difficult to introduce macro-
molecules. The vitelline layer is about 1 Am thick, and there
is a jelly layer a few micrometers thick. Fertilization triggers
the elevation of a fertilization envelope that consists of the
vitelline layer, material from the cortical granules, andmaterial that continues to be secreted from the egg for 15–
20 min after the cortical reaction. By 20 min after
insemination, the perivitelline space is about 150 Am wide
(Holland and Holland, 1989). While the fertilization
envelope can be removed mechanically at this point to
allow access of reagents to the plasma membrane, there is
little time to manipulate the embryo before first cleavage
about 40 min after insemination. Several methods for
introducing foreign DNA into amphioxus eggs have been
tried but all were unsuccessful including electroporation, as
used for the tunicate Ciona, liposomes, as used for cells in
tissue culture (our unpublished results), and several techni-
ques for microinjection (our unpublished results, S.M.
Shimeld, H. Wada personal communication). Here, we
report the development of an effective and reproducible
method for microinjection of amphioxus eggs and show that
expression of LacZ reporter constructs of AmphiFoxD
recapitulates the major domains of endogenous expression.
These results open the way for studies of gene regulation
and function in amphioxus and for comparative studies with
vertebrates to understand the relationship between the
extensive gene duplications that occurred within the
vertebrate lineage and the evolution of vertebrate innova-
tions such as neural crest.Materials and methods
Collection of animals
Ripe males and females of the Florida amphioxus
(Branchiostoma floridae) were collected by shovel and
sieve in Tampa Bay, Florida, during the summer breeding
season. Spawning of animals with fully mature gametes was
induced by mild electric stimulation (10 ms pulses of 50 V
DC) (Holland and Yu, 2004). The sexes were separated to
prevent eggs from fertilizating during gamete collection. At
spawning, gametes emerging from the atriopore were
collected with a pipette. Spawned eggs were transferred to
seawater filtered through a Whatman no. 1 filter to remove
contaminating organisms such as copepods. Sperm shed
from the atriopore were collected before they became
diluted and began to swim.
Injection constructs
Regulatory DNA of the AmphiFoxD gene was ampli-
fied by PCR with the Expandk Long Template PCR
System (Roche Applied Science, Indianapolis IN) and
cloned into a reporter construct derived from the 72-1.27
vector (Corbo et al., 1997a). This vector contains, from 5V
to 3V, a polylinker region, a nuclear localization sequence,
the coding region for LacZ and the SV40 polyadenylation
sequence. A genomic clone of AmphiFoxD was obtained
by screening a genomic cosmid library [MPMGc117:
Amphioxus (Lawrist7) Cosmid (MPIMG) available at
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Yu et al., 2002). This cosmid (RZPD clone ID:
MPMGc117O0129) contains the entire intronless Amphi-
FoxD gene and its flanking genomic sequences (Yu et al.,
2002). An 8.4-kb SalI restriction fragment containing the
entire coding region plus 6.4 kb of upstream sequence was
cloned into pBluescript (Stratagene, La Jolla, CA, USA).
The sequence is deposited in Genbank (accession
AF512537). Potential binding motifs for transcription
factors were analyzed using MatInspector [http://www.
genomatrix.de] (Quandt et al., 1995). All genomic frag-
ments cloned into the 72-1.27 vector (diagrammed in Fig. 4)
were generated by PCR from the aforementioned Sal I
genomic DNA fragment as a template with the Expandk
Long Template PCR System. Primers for amplifying the
6.3 kb construct were 8S5-F1: 5V-CCCAAGCTTGGGA-
GAGAAAGGATTGAAGGACTTGC-3V and FOXD3-
UPSTREAM: 5V-TTTGCGGCCGCCGTAGCAGCATGCA-
CAGGCCTGGTG-3V. This construct contains approximately
6.3 kb upstream of the ATG start site and the first 15 amino
acids of the AmphiFoxD coding sequence cloned in-frame
upstream of the LacZ gene. Primers for the2.9 kb construct
were FOXD3-6B5F: 5V-TTTGCGGCCGCCGTAGCA-
GCATGCACAGGCCTGGTG-3V, a nd FOXD3 -
UPSTREAM. The probable minimal promoter for Amphi-
FoxD was PCR amplified by the primer set FoxD-minimum:
5V-CCCAAGCTTGGGTTCATATTTCAGTGTCCCATC-3V,
and FOXD3-UPSTREAM. This generated an approximately
730 bp DNA fragment including the TATA box, CCAAT box
and the GC box elements upstream of AmphiFoxD gene. To
generate a deletion in the6.3-kb construct, the 5Vend 3.4 kb
fragment of the 6.3-kb construct was amplified by PCR
with the primer set 8S5-F1 and FoxD5V-3.4KRHindIII: 5V-
CCCAAGCTTGGGTTTCGCACGTACGTGAGACG-
GAAG-3V. This product was cloned as a HindIII fragment
into the HindIII site in the 0.7 kb construct to yield the
6.3-kb construct with a 2.1-kb deletion upstream of the
minimal promoter. The 4.7-kb construct is made by PCR
amplification of a 4.7-kb genomic DNA by primer set FoxD-
4.7KF2: 5V-CCCAAGCTTGGGTGTAATACGAATGTGT-
GAGGGATC-3V, and FOXD3-UPSTREAM. This construct
lacks the 1.6-kb at the 5Vend of the 6.3-kb construct.
Microinjection
To immobilize amphioxus eggs for microinjection, 60 
15 mm FalconR tissue culture dishes were coated with a
solution of 0.025% polylysine (mol wt 30,000–70,000;
Sigma-Aldrich, St. Louis, MO), drained and allowed to air
dry. Approximately 100–200 unfertilized eggs were trans-
ferred with a glass Pasteur pipette drawn-out to a diameter
slightly larger than the eggs to a polylysine-coated dish
filled with filtered seawater. The eggs were deposited in
rows 3–4 eggs wide to facilitate microinjection and
allowed to settle at 1  g and adhere to the bottom of
the dish. Circular plasmid DNA was purified on either aQiagen miniprep column (Qiagen, Valencia, CA) or, for
larger plasmids, on an ion-exchange column (Nucle-
oBondR, Clonetech, Palo Alto, CA). Micropipettes were
pulled to a very long, fine tip (z 1 cm) on a horizontal
puller (model P87; Sutter Instruments, Novato, CA) from
Omega dot, 1.0 mm O.D., 0.75 mm I. D., borosilicate
glass capillary tubing (FHC, Bowdoinham, ME). For
microinjection, a Picospritzer, single channel with foot
pedal (General Valve division Parker-Hannifin, Fairfield,
NJ) and a micromanipulator with fine control (Narishige,
Tokyo, Japan) were used. The pressure for injection was
typically 20 psi, with a pulse length of 50–100 ms. The
injection solution contained 15–20% glycerol, 5 mg/ml
Texas Red dextran (Molecular Probes, Eugene, OR) as an
injection tracer, and 100–200 Ag/ml DNA. After back-
filling, the tip of the micropipette was broken under a
dissecting microscope with fine forceps to a diameter of
about 1 Am. The amount of each injection was adjusted to
approximately 2 pl by injecting drops into a dish
containing vegetable oil.
As soon as injection was completed for one dish, the
seawater was partially changed to remove any polylysine
that had dissolved into the seawater. Injected eggs were then
fertilized with 5 Al of a sperm suspension. When the
fertilization envelopes were visibly elevated, antibiotics (50
mg/ml penicillin and 25 mg/ml streptomycin sulfate) were
added to the dish at a 1: 1000 dilution. A higher percentage
of normal development was obtained if eggs with elevated
fertilization envelopes were detached from the dish with a
gentle jet of seawater. Successfully injected embryos,
visualized under a fluorescence microscope (fitted with a
rhodamine filter) by the fluorescence of the co-injected dye,
can be sorted from uninjected ones. Embryos were reared at
28–308C until the desired stage. For a schedule of develop-
ment, see Holland and Yu (2004).
In situ hybridization and detection of b-galactosidase
activity
Whole mount in situ hybridization was according to
Holland et al. (1996a). In brief, embryos were fixed in
4% paraformaldehyde in 0.1 M MOPS buffer, 0.5 M
NaCl, 1 mM EGTA, 2 mM MgSO4, pH 7.4 for 30 min at
room temperature. After fixation, embryos were trans-
ferred to 70% ethanol and washed twice with 70%
ethanol before storage at 208C. Digoxygenin-labeled
riboprobes for AmphiFoxD were prepared according to Yu
et al. (2002). To detect h-galactosidase (h-gal) activity,
injected embryos were fixed in 1% glutaraldehyde in
seawater at room temperature for 30 min, then washed
four times 10 min each with PBST (0.1% Tween-20 in
1 PBS). The last wash was drained completely and
freshly made staining solution (4 mM K4Fe(CN)6, 4 mM
K3Fe(CN)6, 50 mM MgCl2, 1 mg/ml X-gal and 0.1%
Tween-20 in 1 PBS) was added. The staining reaction
was incubated at 378C in the dark for 1 h to overnight.
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washed three times 10 min each with PBST and post-
fixed in 4% paraformaldehyde in 1 PBST for 50 min at
room temperature. After one quick rinse in PBST the
embryos were transferred to an 80% glycerol solution (80
ml glycerol plus 20 ml 1 PBST with 0.1% sodium
azide). Embryos were mounted on glass slides in the 80%
glycerol solution and photographed. Preparation of sec-
tions was according to Holland et al. (1996a).Results and discussion
Microinjection of exogenous materials into amphioxus eggs
Up to now, experiments with amphioxus eggs and
embryos have been limited to exposing embryos to reagents
such as lithium or retinoic acid dissolved in dimethyl
sulfoxide (Escriva et al., 2002; Holland and Holland, 1996;
Yasui et al., 2002) that can penetrate the eggs when added to
seawater. Methods for introducing large molecules such as
electroporation, as used for the tunicate Ciona, or lip-
osomes, as used for tissue culture cells, require a naked cell
membrane. However, although the early fertilization enve-
lope of amphioxus eggs, like that of Ciona eggs (Corbo et
al., 1997a) can be removed enzymatically, the continued
secretion of hyaline material from the egg after the cortical
reaction causes the eggs to adhere to one another. In
addition, as noted above, if the fertilization envelope is
removed after it is fully elevated, there is only a narrow time
window for microinjection before first cleavage occurs.
Moreover, without the fertilization envelope, embryos often
develop abnormally especially if stuck to a polylysine-
coated dish.Fig. 1. Early cleavage stages of amphioxus eggs microinjected with Texas Red d
(G–H) injection solution contained 20% glycerol. (A) One-cell stage (20 min after
discrete spot against a background of green autofluorescence. (B) Same specimen
there is slight diffusion of dye around the injection site. (C) Two-cell stage. Fluores
embryo as in C, but with rhodamine filter. (E) Neurula stage. Fluorescein filter. T
rhodamine filter. (G) One-cell stage, 20 min after fertilization. Rhodamine filt
concentrated near the injection site. (H) At the 2-cell stage, the dye is present inWe, therefore, developed a technique for microinjection
of unfertilized eggs, since we were unable to inject fertilized
ones. It is generally harder to inject eggs before fertilization,
since unfertilized eggs of marine invertebrates typically
have a high membrane resistance (approximately 500 MV)
and a resting potential from 30 to 70 mV (Jaffe et al.,
1979). Thus, even a minute hole in the plasma membrane
can cause a substantial leak, which is deleterious to the egg.
After fertilization, the membrane resistance generally drops,
the membrane potential is less negative and the leak around
a penetrating electrode is reduced. However, although the
micropipette can penetrate the fertilization envelope around
amphioxus zygotes, they are not fastened within it and,
therefore, rotate away from the micropipette as it is apposed
to the cell membrane.
The method we developed for microinjection of
amphioxus eggs permits injection of z 200 eggs per dish
in a 30-min period. Thus, on an evening when gametes are
available, a single person can inject 1000 eggs or more.
Typically, at least 50% of the injected eggs will develop
normally (Fig. 1). Several details of this method are
especially important. First, since amphioxus eggs have a
tough vitelline layer, an electrode with a particularly long,
fine tip is essential. The tip of such electrodes cannot be
broken by the standard method of bumping the tip into a
scratch on the bottom of the Petri dish, but can be broken
with fine forceps. Second, for normal development, the
injection volume must be no greater than about 2 pl. If
larger volumes are injected, the eggs will fertilize, but
generally cleave abnormally with development arresting at
an early stage. Third, we found that glycerol to a final
concentration of 15–20% in the injection solution as
sometimes used for sea urchin and Ciona eggs (Angerer
et al., 2000; Corbo et al., 1997a) is essential for dispersionextran before fertilization. (A–F) Injection buffer not containing glycerol.
fertilization) observed with fluorescein filter. The injected dye (orange) is a
as A, but with rhodamine filter. Background fluorescence is reduced and
cein filter. The dye is restricted to a small spot in one blastomere. (D) Same
he injected dye is only in a few cells. (F) Same embryo as in E, but with
er. The dye has dispersed away from the injection site but is still more
both blastomeres. Rhodamine filter.
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concentration of glycerol to 30% gave similar results. In
contrast, when the glycerol concentration was b 15%, the
injected material tended to remain localized in a small
region of the cytoplasm. For example, embryos injected
with 10 mM Tris buffer, 0.2 mM EDTA, or 150–200 mM
KCl solutions developed normally, but the injected material,
visualized by co-injected dye, remained in a discrete spot
even after many cleavages (Figs. 1A–F).
At concentrations of glycerol z15%, the injected dye
slowly dispersed from the injection site and by the two-cell
stage appeared to be evenly dispersed (Fig. 1G, H).
Nevertheless, expression of injected constructs is often
skewed to either the left or right side of the embryo (Fig.
3A, B, D, E, F). This might be because even though the
injected dye appears to disperse evenly before first cleavage,
the larger DNA constructs may not. Although DAPI-
staining of DNA in mid-neurula embryos developing from
eggs injected with reporter constructs showed uniform
nuclear staining throughout the embryo (data not shown),
the strong signal from endogenous DNA could well have
masked that of the injected DNA.
Expression of AmphiFoxD reporter constructs in amphioxus
embryos
We previously showed that at the mid-neurula stage, the
endogenous AmphiFoxD is expressed in the anterior nerve
cord (cerebral vesicle—comparable to the vertebrate dien-
cephalon), the axial mesoderm (delaminating notochord),
and the paraxial mesoderm (the invaginating somites) (Yu et
al., 2002) (Fig. 2). To determine the cis-regulatory elements
of AmphiFoxD, we made a reporter construct including 6.3
kb upstream of the ATG start codon, corresponding to a SalI
fragment of the parent cosmid. This reporter construct
directed expression to all three of these domains (Fig. 3).Fig. 2. Endogenous AmphiFoxD expression visualized by in situ hybridization.
counter-stained pink and viewed from posterior end of the animal. Scale line in A
neurula. (B) Dorsal view of A, showing expression in all somites (SO), anterior p
and arrow show levels of cross-sections in C and D, respectively. (C) Cross-section
part of the anterior nerve cord and in the dorsal part of notochord. (D) Cross-sectio
of notochord.Approximately 16% of injected embryos showed reporter
gene expression. This is similar to transient transgenics in
fish where 10–50% of injected eggs generally express the
injected construct (Dorsky et al., 2000; Du and Dienhart,
2001; Mu¨ller et al., 1999; Winkler et al., 1991). As is typical
with transient transgenics of other organisms (Ko¨ster and
Fraser, 2001; Romano and Wray, 2003; Yuh and Davidson,
1996), expression in amphioxus is mosaic. Germ-line
transgenics would be necessary for expression to be uniform
throughout all expressing tissues. Some embryos also
exhibited ectopic expression (data not shown). The most
frequent ectopic staining was in individual epidermal cells
or cells in the gut lumen. These cells often appear swollen,
which is characteristic of necrotic cells (Bortner and
Cidlowski, 2003). Since such cells sometimes occur in
uninjected embryos, particularly in the gut lumen, it may be
that lacZ constructs tend to express non-specifically in
necrotic cells. However, we cannot rule out that expression
of lacZ may occasionally induce necrosis.
To identify the cis-regulatory elements that mediate
tissue specific expression, several deletions of the 6.3 kb
AmphiFoxD construct were made (Fig. 4) and microinjected
into amphioxus eggs. The results are summarized in Fig. 4.
The 2.9 kb, which corresponds to a BamHI fragment of
the parent cosmid, and the 0.7 kb constructs are deleted
from the 5V end of the 6.3 kb construct and include,
respectively, 2.9 and 0.73 kb upstream of the ATG start
codon. Neither directed tissue specific expression (Fig. 4B).
This indicates that the 3.4 kb between 2.9 and 6.3 kb
upstream of the ATG start codon (Fig. 5, fragment A plus B)
contains sequences necessary for expression of AmphiFoxD
in the nerve cord, somites, and notochord.
To determine if this 3.4 kb region is sufficient to direct
tissue-specific expression, we cloned it upstream of the
0.7-kb construct (which contains the CCAAT, TATA and
GC boxes) as a minimal promoter. This construct (des-Anterior toward the left in Whole-mounts (A, B). Cross-sections (C, D)
also applies to B. Scale line in C also applies to D. (A) Side view of 16-h
art of the nerve cord (NC) and entire length of notochord (NO). Arrowhead
through level of arrowhead in B, showing expression throughout the ventral
n through level of arrow in B, showing expression in somites and dorsal part
Fig. 3. The AmphiFoxD 6.3 kb reporter construct directs expression to the three major domains of endogenous AmphiFoxD expression. Injected embryos
stained for h-galactosidase activity at the neurula stage. Whole mounts (A–F) in dorsal view, anterior at left. Scale in A also applies to B–F. Sections G–J
viewed from the posterior end of the embryo. Scale in G also applies to H–J. The reporter construct is expressed in somites (A, B, D, E, F), notochord (C, E),
and the anterior part of the nerve cord (C, F). Arrowheads in D, E, and F indicate levels of cross-sections in G, H, and I, respectively. Arrow in F indicates level
of cross-section in J. (G) Cross-section through the level of arrowhead in D, showing expression in somite and nerve cord. (H) Cross-section through the level
of arrowhead in E showing the expression in somite and notochord. (I) Cross-section through the level of arrowhead in F, showing the expression in anterior
nerve cord. (J) Cross-section through the level of arrow in F, showing the expression in the somite.
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for the notochord marker, Brachyury, as well as a putative
Tbx5 site (similar to a Brachyury-binding site) within a 120-
bp region (Fig. 4B). Since these are the only putative
Brachyury and Tbx5 binding sites in the entire 6.3 kb
upstream region of AmphiFoxD (Fig. 4B), it seemed likely
that this 120 bp region is a notochord enhancer. However,
the 5V end 3.4 kb construct did not show any tissue-
specific expression. It appears that while this region may be
essential for expression, it is not sufficient. Nevertheless, the
4.7-kb construct, which includes all of the 6.3-kb
constructs except for 1.6 kb at the 5V end, directed weak
expression to the notochord, but not to the somites or nerve
cord. This result shows that, first, the 1.6 kb region at the
most 5V end (Fig. 5, fragment A) contains regulatory
elements essential for directing expression to the somites
and nerve cord. Second, together with the failure of other
deletion constructs to direct tissue-specific expression, this
result shows that within the 4 kb at the 5Vend of the 4.7-kb
construct, the distal 1.8 kb (Fig. 5, fragment B, which
contains putative Brachyury-binding sites) and the proximal
2.2 kb downstream of the putative Brachyury-binding sites
(Fig. 5, fragment C) are both essential for notochord
expression. The comparison between expression of the
6.3-kb construct and the 5Vend-3.4 kb construct suggests
that this 2.2 kb region (Fig. 5, fragment C) is essential for
directing AmphiFoxD expression to all three major expres-
sion domains: the nerve cord, notochord, and somites.
Interestingly, this 2.2 kb region includes 2.5 tandem repeatsof a 168 bp sequence (Fig. 4C). This repeat region appears
to be unique to amphioxus as it has only short, approx-
imately 20 bp matches with genome sequences in other
organisms. Whether such tandem repeats are common in
amphioxus is unknown, as at present, there is relatively little
information on non-coding sequences in amphioxus. The
chief consequence of the 2.5 tandem repeats appears to be
multiplication of transcription-factor binding sites. Near the
5Vend of each repeat, the sequence matches that of a binding
site for vertebrate FoxD3. Since the amino acid sequences of
AmphiFoxD and vertebrate FoxD3 DNA binding domains
are 94% identical, (Yu et al., 2002), it seems likely that they
may bind to similar sequences. If so, the presence of three of
these putative FoxD3 binding sites within a 354-bp region
would suggest that an auto-regulatory loop may be
important for maintaining AmphiFoxD expression. The
repeat region also contains putative binding sites for Oct1,
suppressor of hairless (SuH) in the Notch pathway, Sox9,
Dlx3, Pit1, GATA3, Crx, and FoxQ1. AmphiNotch ,
AmphiDlx, and AmphiFoxD are expressed in partially
overlapping patterns in the cerebral vesicle (diencephalon)
suggesting that this region may be important for neural
expression (Holland et al., 1996b, 2001; Yu et al., 2002). In
addition, within this 2.2 kb region, one FoxA2-binding site
is located just upstream of the repeat region and 5 more are
located downstream of it (Fig. 4B, C). The amphioxus
FoxA2 homolog is expressed in the notochord (Shimeld,
1997), and whether these sites are important for AmphiFoxD
expression in the notochord could be tested by site-specific
Fig. 4. Summary of AmphiFoxD reporter constructs. (A) The diagram of the 8.4 kb genomic SalI fragment including the intronless AmphiFoxD coding region
and 6.3 kb of upstream regulatory DNA. Putative DNA binding sites of Brachyury (oval), Tbx5 (triangle), TCF/LEF-1 (square), and FoxA2 (filled circle) as
predicted by MatInspector (http://www.genomatrix.de) are indicated. The grey rectangle indicates the region of 2.5 repeats of a 168 bp region shown in C. (B)
The reporter constructs of AmphiFoxD analyzed in the present study are at left. The numbers at right indicate the number of embryos that expressed the
construct in specific tissues. The total number of injected embryos is shown at the far right. (C) Nucleotide sequence in and just downstream of the three tandem
repeats in the region indicated by arrows. The numbering of the sequence is related to the ATG start codon of the AmphiFoxD gene. Selected putative
transcription factor binding sites are underlined.
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notochord mediated by the 4.7-kb construct suggests that
additional enhancers in the distal 1.6 kb fragment (Fig. 5,
fragment A) may also be necessary for strong expression in
the notochord.
Although zygotic expression of the endogenous Amphi-
FoxD gene starts at the gastrula stage (about 7 h after
fertilization) (Yu et al., 2002), none of the tested reporter
constructs is expressed before the mid-neurula stage (about
12–15 h after fertilization). This suggests that other
temporal or spatial regulatory elements for the intronless
AmphiFoxD gene may be located either upstream of the
6.3-kb region or downstream of the coding sequence. Invertebrates, the important regulatory elements of a gene
often occur across a long genomic DNA fragment. For
example, spatial/temporal enhancers for chick Sox2 expres-
sion in the CNS, dorsal root ganglia, and several other
placodes are distributed over a 50-kb genomic fragment that
covers the Sox2 locus (Uchikawa et al., 2004). In contrast,
tunicates, the closest invertebrate relatives of amphioxus,
have compact genomes (about 160 mb in the ascidian
Ciona). Consequently, regulatory elements directing full
expression are often located within a relatively short
upstream sequence (Corbo et al., 1997a,b; Di Gregorio
and Levine, 1999; Imai et al., 2002; Takahashi et al., 1999).
One would expect that in amphioxus with a 500-mb genome
Fig. 5. Summary of expression directed by AmphiFoxD reporter constructs. Top, 6.3 kb of upstream sequence is sufficient to direct expression to the notochord,
somites, and nerve cord. Center, the 4.7 kb immediately upstream of the ATG start codon suffices for expression in the notochord, but not in the nerve cord or
somites. Bottom, summary of conclusions from injection of all constructs shown in Fig. 2. The most 5V1.6 kb (region A) contains regulatory elements essential
for directing expression to the nerve cord and somites and may also contain elements that increase the level of expression in the notochord. The region from
2.9 to 4.7 kb (region B) contains regulatory elements essential for directing expression to the notochord (not) and possibly also to the nerve cord and
somites. The region from 0.7 to 2.9 (region C) contains regulatory elements essential for directing expression to all three tissues. So = somites, not =
notochord, nc = nerve cord.
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regions somewhat larger than in tunicates, but smaller than
in vertebrates.
Expression of FoxD in tunicates is different from that in
amphioxus, perhaps because, unlike amphioxus and verte-
brates, tunicates have determinate cleavage with cell fates
decided very early in development. Even so, there appears
to be some conservation of transcription factor binding sites
between the tunicate and amphioxus FoxD genes. For
example, expression of Ciona FoxD (Cs-FoxD) in endo-
dermal lineages, where it functions in notochord induction,
is controlled by nuclear localization of h-catenin (Imai et al.,
2002), which acts together with the TCF/LEF-1 tran-
scription factor to activate downstream genes (Easterman
and Grosschedl, 1999; Von Noort and Clevers, 2002).
Correspondingly, the 5V upstream region of Cs-FoxD has
three TCF/LEF-1 binding sites that modulate the level of
expression of reporter constructs in the endoderm (Imai et
al., 2002). Similarly, although AmphiFoxD is not expressed
in the endoderm, the 6.3-kb genomic sequence has six
putative TCF/LEF-1 binding sites. Five of these are located
within 2.6 kb of the 5Vend of the 6.3 kb construct, upstream
of the putative Brachyury binding sites (Fig 4B). Three are
within the 1.8 kb region that is essential for directing
expression to the notochord (Fig. 5, fragment B). Although
no Wnts signaling through h-catenin are known to be
expressed in the notochord itself, Wnt8, which signals
through h-catenin, is expressed in the adjacent somites
(Schubert et al., 2000), and, as it is a secreted protein, could
be directing AmphiFoxD expression to both the notochord
as well as to the somites. Further experiments should clarify
the function of these putative TCF/LEF-1 binding sites.
Using amphioxus as a model organism to study the origins
of vertebrate innovations
Amphioxus is widely held to be the best available stand-
in for the proximate invertebrate ancestor of the vertebrates(Holland and Chen, 2001). Thus, comparative studies of
developmental gene regulation in amphioxus and verte-
brates should give insights into how changes in gene
regulation may have influenced evolution of the body plan
at the major transition between protochordates and verte-
brates. However, until now, a major impediment to such
studies has been the inability to introduce foreign transgenes
into amphioxus embryos. While it has been possible to gain
some insight into the evolution of gene regulation by
expressing reporter constructs of amphioxus genes in
vertebrates (e.g., Manzanares et al., 2000), these studies
have not been entirely conclusive because of the inability to
determine expression of these constructs in amphioxus as
well. Our development of a reproducible method for
microinjection of amphioxus eggs removes this impediment
and greatly increases the utility of amphioxus as a model
organism for understanding the evolution of developmental
mechanisms that pattern the vertebrate embryo. In the
present report, we show that the 6.3-kb upstream region of
AmphiFoxD has partially separable cis-regulatory elements
that direct expression to notochord, somites, and neural
tube. This work opens the way for comparative studies on
FoxD gene regulation in amphioxus and vertebrates directed
at understanding the role of the duplication of FoxD genes
in the evolution of neural crest.
It has long been thought that the evolution of neural crest
at the base of the vertebrates was key to the increase in
complexity of the vertebrate body plan (Gans and Northcutt,
1983). More recently, it has been proposed that the
expansion of developmental gene numbers at the origin of
vertebrates might have been responsible for the evolution of
such vertebrate innovations (Mazet and Shimeld, 2002;
Meulemans and Bronner-Fraser, 2002; Meulemans et al.,
2003; Shimeld and Holland, 2000; Yu et al., 2002).
However, it has been difficult to test this idea because of
the lack of suitable chordate outgroups with unduplicated
homologs of vertebrate genes for comparison. Although
reporter constructs can readily be expressed in ascidian
J.-K. Yu et al. / Developmental Biology 274 (2004) 452–461460tunicates, their embryology is relatively derived, evidently
as a corollary of determinate cleavage. Moreover, within the
ascidians, there can be considerable variation in regulation
of the same gene in the same tissue in different species (e.g.,
Brachyury in the notochord of Ciona and Halocynthia)
(Takahashi et al., 1999). The preliminary data on the
amphioxus genome suggest that, compared to tunicate
genomes, it is a better proxy for the unduplicated genome
of the vertebrate ancestor. For example, in contrast to Ciona,
which has only 9 Hox genes split onto five different
scaffolds (Dehal et al., 2002), amphioxus has a single Hox
cluster of 14 colinear genes (Ferrier et al., 2000). Together
with the sequencing of the amphioxus genome (B. floridae),
scheduled for completion early in 2005, the reliable method
we developed for microinjection of reporter constructs into
amphioxus eggs brings amphioxus to the fore as a model
organism for understanding how gene regulation evolves,
and how genes can acquire new developmental roles after
gene duplication.Acknowledgments
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